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Abstract: We calculate the absorption spectrum for ultracold three-level helium atom 
in a Λ configuration in an optical lattice. Our results show the possibility of lasing at 
certain points on the optical lattice which are capable of rendering one of the transitions 
metastable as compared to the other. A coherent control over the stimulated emission is 
possible using an axial magnetic field. 
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INTRODUCTION 
 
Modern atomic physics has advanced primarily by using known physics to devise 
innovative techniques to better isolate and control the atomic system, and then exploiting 
this nearly ideal system to achieve higher precision and discover new physical 
phenomena. One of the most striking advances along these lines has been Laser cooling 
and trapping of atoms and quantum manipulation. Recent spectacular advances in this 
field [1] provides an opportunity for novel investigation of the details of the interaction 
of light and matter and to probe concepts developed for condensed matter at totally 
different scales using optical lattice, where the defect free confining potential is created 
by light interference. These lattices can be made essentially free of defects with only 
moderate care in spatially filtering the laser beams to assure a single transverse mode 
structure. Furthermore, the shape of the potential is exactly known, and does not depend 
on atomic energy level scheme. Finally, the laser parameters can be varied, and the lattice 
vectors can be changed independently by redirecting the laser beams. These optical traps 
that have achieved kinetic temperatures as low as nanokelvins, have now created the 
ultimate physical systems thus far for precision spectroscopy, frequency standards, 
quantum computing and tests of fundamental physics. One such interesting concept of 
electron shelving in optical lattice was proposed by us recently[2] for a cold Helium 
atom in an optical lattice. We found that certain points on the optical lattice induce 
electron shelving in the helium system. These special points make one of the transition 
weak as compared to the other. Hence the weak transition becomes the metastable 
transition. We also found that the coherence between the two ground states of the helium 
atom responsible for population trapping also controls the photon statistics. A weak axial 
magnetic field was found to be a convenient tunable experimental parameter, which 
could efficiently control the ground state coherence and hence the photon statistics. This 
motivated us to look for the possibility of exploiting the long life time of the metastable 
state ( induced by the polarization gradient in the optical lattice) to create atomic 
inversion and at the same time have a coherent control over the stimulated transition 
probability to obtain gain using the weak axial magnetic field. Recently [3,4], it was 
proposed to utilize cold helium atoms in the Raman configuration as a UV-laser gain 
medium in the limit of photon recoil shift exceeding the natural atomic line width and the 
Doppler broadening.  
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THE MODEL 
 
Figure1 shows a Λ atomic system driven by two counterpropagating orthogonal plane-
polarized laser fields with the same frequency ωL . For the experiments with 4He,  g±  are 
the two Zeeman sublevels m= ± 1 of the 23S1 state and   eo is the m=0 Zeeman sublevel 
of 23P1. The light shifts of the Zeeman sublevels are position dependent, since the 
couplings (C.G. couplings) vary with polarization. The superposition of the two counter 
propagating orthogonally-polarized plane waves gives rise to a standing wave for which 
the polarization is space dependent. The polarization is alternatively circular σ - in Z=0, 
linear in Z=λ/8, circular σ + in Z=λ/4 etc., with a spatial periodicity λ/2. This polarization 
gradient leads to a periodic spatial modulation of the degenerate ground state Zeeman 
sublevels, which acts as a potential for the motion of the atomic centre of mass. An axial 
magnetic field provides the necessary coupling between the two degenerate ground states 
even for atoms with zero momentum. The Sisyphus cooling mechanism of fig.2 traps the 
atom in the laser induced optical potential well for blue detuning. The time evolution of 
the atomic density matrix ρ, in the Schrodinger picture, obeys  
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HB corresponding to the shift in the energy due to an applied axial magnetic field B. 
Term HB corresponding to the shift in the energy due to an applied axial magnetic field  
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spdt
d )( ρ is the damping term by spontaneous emission processes. We will work in a space 
spanned by ,, pi where i is the index to the atomic energy level, and p is the 
momentum eigenvalue of the atomic center-of-mass motion. In this space, the atomic 
Hamiltonian 
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is diagonalized. The interaction Hamiltonian, under the rotating-wave approximation, 
becomes 
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kzΩ=Ω  are the usual Rabi equivalent space dependent 
field amplitudes. The Magnetic interaction term is  
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g is the gyromagnetic ratio for the 23S1 state,  µB is the Bohr magneton = - 9.274 × 10-24 
J/T. (dρ/dt)sp is the damping due to spontaneous emission. Following the concept of 
momentum families [5-8], the fast oscillations with the optical frequency Lω  can be 
eliminated by taking  
 
),,(),(~),,,(),(~),,(),(~ kpkptptkpkptptptpt ggggggggeeee oooo hhhh −+=±±== −+−+±±±± ρρρρρρ
 
, ).exp(),(),(~ )( tikptpt Lgetge oo ωρρ h±= ±±   
 
We obtain the generalized optical Bloch equations as: 
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where Ω is the Rabi frequency , δ (= AL ωω − ) is the detuning, mkR 2/2h=ω  is the 
recoil frequency shift and β = (kp/m + gBµB/ h ) is the Doppler shift associated with the 
velocity p/m in absence of the axial magnetic field. When  0≠β  the energies of 
−
g  
and +g  differ by 2β. ])(1[4
3)( 2
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q
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−=  is the distribution of spontaneous emission 
for a linearly polarized light. N(q) is normalized according to  
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Γ gg can be viewed as a dephasing time between the ground levels due to collisions. 
The condition necessary for electron shelving is that one of the driving fields should be 
weak as compared to the other [9]. Consider for example points on the optical lattice 
where )(cos)(sin 22 kzkz >> , this necessarily puts Γg+g+ << Γg-g- . This condition makes 
the 
−
σ  polarized field, which drives the +↔ geo   transition weak as compared to the 
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+σ  polarized field, which drives the −↔ geo  transition. Hence +↔ geo  
becomes the metastable transition and during this time the atom is predominantly in the 
metastable state (electron shelving).Dark periods (absence of resonance fluorescence) is a 
signature of electron shelving. This occurs at points near z = nλ/4, i.e. where the 
polarization is either −+ σσ or  since here only one of the transition is more favored [2]. 
From experimental view z = nλ/4 are the points corresponding to bottom of the potential 
well where the atoms tend to accumulate once their kinetic energy is sufficiently small. 
As the atoms move along the optical lattice, it alternatively encounters points with 
−+ σσ ,, linear  polarization. Points with linear polarization drive both the transitions 
equally. At points where )0)((0)( 22 == kzorCoskzSin the atom behaves as a two level 
system since the light is entirely )0)((sin2 =+ kzpolarizedσ  or entirely 
)0)((cos2 =
−
kzpolarizedσ  and hence drives only one transition.  
 
 
NUMERICAL RESULTS AND DISCUSSION 
 
We will take )(cos)(sin 22 kzkz >>  as an example to study our system. We monitor the 
rate of change of the number of laser photons in the +↔ geo  transition, which is: 
 
)](~)(~[)(~ ppWpW
dt
nd
ooeeggemggabs
g ρρρ ++−=〉〈
−−++
+     (8) 
 
where absW  and emW  are the stimulated absorption and emission rates which are 
calculated following reference [10].The system exhibits gain for simple analytical 
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The steady state solutions of the Bloch equations under the conditions 
)(cos)(sin 22 kzkz >>  and Γg+g+ << Γg-g-  is 
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The general shape of the absorption spectrum as a function of β and the detuning is 
shown in the 3-dimensional surface plot ( fig.3.)The characteristic feature that one can 
immediately observe is a pronounced asymmetry in the absorption profile with respect to 
the detuning parameter δ ′ . Absorption is seen to occur at blueshifted frequencies while 
stimulated emission can be observed for red detuning. Another remarkable feature one 
notes is that the spectrum changes from absorption to gain as β increases and vanishes for 
higher values of β. For β = 0, the atom shows absorption of the probe photons. As β 
increases (for a fixed value of the detuning parameter) the atom begins to emit. A 
maxima in the emission spectrum is obtained for a certain value of the parameter β. 
Further increase in β causes the spectrum to vanish. A transparent description of this 
problem can be reached in the coupled cΨ  and noncoupled NCΨ state basis [11]. This 
basis is composed of the following two orthogonal linear combinations of +− gandg . 
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The state NCΨ is always decoupled from the laser field for any value of β: 
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On the other hand, the atomic motion and/or the applied weak axial magnetic field 
induces a coupling between cΨ  and NCΨ ,  
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Finally, the laser field couples cΨ  to the excited state, 
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From equations (16) and (17), we find that for points where )(cos)(sin 22 kzkz >> , the 
weight of 
−
g  in cΨ  is much larger than the weight of +g . The conclusions are 
reversed for NCΨ . Consequently NCΨ ≈ 2
g +  and cΨ ≈ 2
g
− . In the absence of 
coupling (i.e β=0) between the cΨ  and the NCΨ states, the upper level occupation 
probability tends to zero so that absorptive processes dominate in this limit, and finds its 
explanation in the fact that the uncoupled state is stable against laser excitation. In 
general the spontaneous decay rate from the non-coupled state NCΓ ( = ++Γ gg for 
)(cos)(sin 22 kzkz >> ) is a function of β and is very small when β is small, and vanishes 
for β=0. This means that an atom, which is put in NCΨ ≈ 2
g +  at time t = 0, can remain 
there for a very long time (if β is small enough) on the order of 1NC−Γ .  Once the atom is 
trapped in the uncoupled state, it is unavailable for excitation to the excited state but can 
only be populated via spontaneous or stimulated emission from the upper level. This can 
happen only for a finite value of the coupling parameter. Let us consider the atom to be 
initially in the 
−
g  state at a point on the optical lattice where )(cos)(sin 22 kzkz >> . At 
this point the atom will be optically pumped to the excited state by the strong +σ  
polarized field. The transition 
−
g ! oe ! +g  is maximum where −g  energy is 
highest. Once the atom is in the excited state, it has a finite rate to jump either to the 
weak ground state +g  or the strong ground state −g . Interaction with the vacuum 
fluctuations will induce the atom to drop to the +g  state (which forms a potential well 
at that point) via spontaneous emission. This process results in a loss of photons in the 
oe ! +g  transition. We identify two mechanisms by which the atom will exhibit gain. 
Now (from the +g  potential well) when the atom climbs uphill, its kinetic energy is 
transferred into potential energy by stimulated emission process. Atomic momentum is 
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therefore transferred (as gain ) to the laser photons on the +↔ geo  transition. This 
process of stimulated emission is operative as long as the atomic momentum is 
sufficiently high to convert kinetic energy into potential energy. In the absence the 
external magnetic field, this process of stimulated emission ceases as soon as the atom is 
trapped in the +g  potential as a result of insufficient momentum. The second 
contribution to the gain comes from the axial magnetic field which helps to restore the 
ground state coherence even in the absence of atomic momentum. Consider, for instance 
after a spontaneous decay the atom is trapped in NCΨ  ≈ 2
g + . The coupling generated 
by the magnetic field transfers the atom to the cΨ  ≈ 2
g
−  ( i.e. to the potential hill of 
−
g ). Starting from 
−
g , the atom can absorb a +σ  photon in the kεz wave, jump into 
the excited state, then make a stimulated emission of a −σ  photon in the -kεz wave, 
which brings it back into the +g  state. The rate of this transition is maximum only for a 
certain optimum value of the magnetic field. Population in the excited state also assumes 
a maximum value for this same value of the coupling parameter(figure not shown). For 
still larger values of β, (larger than the Rabi frequencies and the spontaneous emission 
rate of the excited state), the atom switching between the lower levels take place at a very 
small but finite occupation probability of the upper level. This explains the practically 
zero emission for high values of β.  
 
CONCLUSIONS 
 
We have demonstrated that using a three level Λ scheme, metastable cold helium atoms 
can be used as a gain medium in an optical lattice. We took advantage of the metastable 
state induced by the polarization gradient and the asymmetry in the atomic absorption 
and emission spectrum. Gain is obtained at points on the optical lattice near 
4
nz λ= , i.e 
where the polarization is either −+ σσ or since here only one of the transition is more 
favoured. At these special points, the unfavoured transition becomes metastable and the 
electron can now be shelved (in this metastable state) hence inducing a population 
inversion. The ground state coherence (β) which is determined by the atomic momentum 
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and the axial magnetic field is found to be a convenient tunable experimental parameter 
to induce a stimulated emission. As already indicated, the two Zeeman sublevels m= ± 1 
of the 23S1 state and m=0 Zeeman sublevel of 23P1 state of helium atom form a real-life 
system that closely resembles our model. 
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Figure 1: The Zeeman sublevels of 4He and the relevant Clebsch-Gordan Coefficients. 
Since 00 ge ↔ transition is forbidden, all atoms are pumped into +g and −g after few 
fluorescence cycles. These two levels are coupled only to 0e , and a closed three-level 
Λ configuration is realized. 
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Figure 2: One-dimensional optical potential induced by interference between oppositely 
traveling orthogonally polarized plane waves. 
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Figure 3: A three dimensional surface plot of 
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nd g >< +  as a function of 
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